


Formation of

Solution-Subsidence
Sinkholes Above Salt Beds

By John R. Ege

GEOLOGICAL SURVEY CIRCULAR 897

1984



United States Department of the Interior
WILLIAM P. CLARK, Secretary

Geological Survey
Dallas L. Peck, Director

Free on application to the Branch of Distribution, Eastern Region, U.S. Geological Survey, 604 South Pickett Street, Alexandria, VA 22304



FiGure 1.

Ll ol M

RS :

CONTENTS

Introduction . . . . . . . . .. e e e e e e e
Subsidence over saline rocks . . . . . . . . ... e e
Natural subsidence . . .. .. .. .. . . ... e e e

ILLUSTRATIONS

Major salt basins of North America . . . . . . . .. . . . . i i i e e
Progress of subsurface subsidence induced by the block-caving mining method. . . . . .. .. ... ...
Photograph of the Meade Salt Well, Meade County, Kans. . ... .......... ... .....
Generalized section through Meade Basin showing postulated ground-water circulation and formation of

solution-subsidence features . . . . . . . . . . . . L e e e e e
Aerial photograph of sinkhole at a local solution-mining plant site, Hutchinson, Kans. . . . ... .. ..
Cross section of sinkhole, Hutchinson, Kans. . . . . . ... ... ... .. v,
Aerial photograph of the sinkholes formed at Grosse Ile, Mich. . . . . .. .. ... ... .........
Typical core log from Grosse Ile brine field . . . ... .. ... ... ... ..
Progress of sinkhole formation resulting from collapse of void formed in the Sylvania Sandstone . . . .

1

W NN

WO 00 -3 U



FORMATION OF SOLUTION-SUBSIDENCE SINKHOLES
ABOVE SALT BEDS

By John R. Ege

INTRODUCTION

More than one-third of the United States is un-
derlain by marine evaporites (fig. 1), all of which
have varying degrees of solubility in permeating
fresh water or unsaturated brine (Johnson and
Gonzales, 1978; Landes, 1963b; Smith and others,
1973, p. 197-216). Research supported by the U.S.
Geological Survey has investigated mechanisms of
subsidence over soluble rocks, in particular salt
deposits (Ege, 1979; Savage, 1981). The research
is directed toward a better understanding of the
geologic environment and processes of subsidence,
and toward formulating measures to avoid or miti-
gate the effects of ground collapse resulting from
dissolution of underlying soluble rocks. This report
discusses various mechanisms of surface subsid-
ence above underground openings formed in salt
terranes. Both natural and man-induced (artificial)
processes are considered.

SUBSIDENCE OVER SALINE ROCKS

Subsidence is a sinking of the ground surface
(Allen, 1969; Landes, 1963b; Obert and Duvall,
1967, p 554-581; Rellensmann, 1957, p. 35-49;
Sowers, 1976, p. 2-8; and Stefanko, 1973, v. 1,
p. 13-2 to 13-9). Many sedimentary basins, world-
wide, contain great thicknesses of bedded salt in
which extraction of the soluble minerals, whether
by natural or man-induced processes, can result
in localized land-surface subsidence. The contact
of a salt bed with flowing water or unsaturated
brine produces cavities in the salt through the
leaching of soluble minerals. Density layering (sat-
uration decreasing upward) of the brine tends to
concentrate solutioning along the roof of the void,
often resulting in a “V”-shaped cavity. If, for ex-

ample, continued, uncontrolled dissolving of the
soluble minerals in a salt cavity increases the
width of the roof arch to the point of failure, then
either downwarping of the overlying beds can take
place, resulting in surface subsidence, or collapse
of the undermined roof can occur, leading to up-
ward stoping of the overburden rock. If space is
available underground to accept falling rock and
the stoping process breaches the surface, the re-
sulting ground failure can produce a sinkhole.

The stoping process (fig. 2) can be visualized
by examining the block-caving method used in
mining operations where roof failure is deliber-
ately induced by removing support through in-
creasing the width of a mined opening in an ore
body (Obert and Duvall, 1967, p. 554-581). At
mine level, ore is withdrawn creating a space into
which the overlying broken ore and rock can sub-
side. A void is thus formed where the moving ore
and rock separate from solid rock. Additional rock
can now fall into the newly formed void and, at
some critical width, the caving process will sustain
itself and continue until the opening is filled with
broken rock. The cave, in this manner, will mi-
grate toward the surface at a rate determined
largely by the rate at which the ore is removed.
If the cave breaches the surface, a sinkhole will
form.

Another mechanism, subsurface mechanical ero-
sion of sedimentary beds overlying salt, may be
an important component of the subsidence proc-
ess. Mechanical transport of sediment by ground
water from overlying granular beds into deeper
salt cavities may form voids in the overlying sedi-
ments that are then subject to collapse. Subsid-
ence also can be induced by artificial processes
such as solution mining of salt or potash, oil- and
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FIGURE 1.—Major salt basins of North America. (Modified
from Johnson and Gonzales, 1978; Landes, 1963a.)

water-well drilling through salt beds, and con-
struction activities above saline rocks.

NATURAL SUBSIDENCE

In natural subsidence, cavities form in salt by
the dissolving action of fresh ground water or un-
saturated brine that flows through enclosing
permeable beds and along faults or other discon-
tinuities in surrounding rocks, or by the leaching
of caves exposed in salt beds adjacent to lakes
and streams. Subsidence features ranging in area
between 100 and 1,000 m? have resulted from nat-
ural solutioning. Many examples occur throughout
the world of natural dissolving of evaporite rocks
and resultant subsidence structures.

In North America, salt deposits of the Middle
Devonian Prairie Formation, extending from
North Dakota and Montana through Saskatchewan
and Alberta to the Northwest Territories, contain
structural lows that were formed through removal
of salt by subsurface leaching while the salt bed
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FIGURE 2.—Progress of subsurface subsidence induced by the
block-caving mining method. Ore is mined, forming a void.
A, Caving begins, removing support under roof until, B,
width of span exceeds capability of roof rock to stand. C,
Continuous removal of ore enlarges void into which addi-
tional rock can fall. D, If roof support is not reestablished
by void being sufficiently filled with falling rock, then broken
zone can progress upward until it breaches the surface.
(Modified from Obert and Duvall, 1967 (used with permission
of the publisher).)

was buried under hundreds of meters of sediment.
Dissolving has been taking place from Late Devo-
nian to the present (DeMille and others, 1964).
Gendzwill (1978) noted that in southern Saskatche-
wan, the Prairie Formation is underlain by reef-
like carbonate mounds. Ground water moving
through these mounds during Devonian time re-
moved some of the overlying salt deposits, causing
subsidence of the younger beds of as much as 30
m.
A structural depression, the “Saskatoon low,”
south of Saskatoon, Saskatchewan, formed by col-
lapse resulting from removal of salt from the
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FIGURE 9.—Progress of sinkhole formation resulting from collapse of void formed in the Sylvania Sandstone. A, Initial sagging
of Sylvania Sandstone occurs in response to sagging of lower dolomites into salt cavity. Separation takes place along
a weak zone in sandstone. Loose sand grains are transported as a sand-water slurry (arrows) down through cracks in
underlying rock. B, Increased sagging of Sylvania Sandstone intensifies crushing of the weak zone in the sandstone. Sand
slurry migrates downward (arrows) into joints and voids in lower rock units, increasing size of opening in sandstone.
Incipient failure of roof of cavity occurs within Sylvania Sandstone. Dashed lines show projected failure surface. C, Failure
occurs in overlying highly jointed and fractured dolomite. Sinkhole forms when void breaches ground surface, allowing
unconsolidated clay to flow (arrows) into voids below. D, Sinkhole enlarges laterally and decreases in depth through slabbing
and settling of material from walls of sink. Sinkhole is now subjected to weathering processes. (Modified from Stump

and others, 1982.)



of the Sylvania Sandstone in sinkhole formation
concluded that the Sylvania Sandstone can lose its
cohesion under high horizontal stresses (Stump
and others, 1982). These stresses could be the re-
sult of deformation that accompanies general sub-
sidence and (or) of past geologic processes. A
mechanism advanced by the investigators pro-
posed normal downwarping of beds overlying a
rubble-filled salt cavity that induces high horizon-
tal stresses, disintegration of the Sylvania Sand-
stone, mixing of sand grains with ground water
to form a slurry, and flow of the sand slurry
through openings in the disturbed rock to voids
in the underlying dolomite and salt. A cavity, if
formed in the shallower Sylvania Sandstone by
this process, could then collapse, resulting in rapid
stoping through the remaining 90 m of rock to the
surface and formation of a sinkhole (fig. 9).

CONCLUSIONS

Ground failure over voids formed in salt ter-
ranes has occurred many times in the past as a
result of natural or man-induced processes. If
overlying beds merely flex downward into a rub-
ble-filled cavity, then the effect at the surface may
be a shallow-bowl- or trough-shaped depression.
On the other hand, if the roof of a void collapses
and sufficient space is available in the cavity to
store rock debris, then continuous upward stoping
through overlying rocks can breach the surface
and form a sinkhole. Ground failure can occur
above salt beds as the result of roof collapse of
a cavity formed in salt by dissolution and removal
of soluble minerals by ground water. Ground fail-
ure may also occur as the result of roof collapse
of a cavity formed in granular sediments overlying
salt beds by subsurface mechanical erosion and re-
moval of sediment grains by ground water (pip-
ing). ~
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